To determine the effects of COX-2 specific inhibitors on postoperative adhesion formation. Summary and Background Data: Intra-abdominal adhesions are the major cause of intestinal obstruction and secondary infertility after surgical procedures. Because adhesion synthesis requires angiogenesis, and cyclooxygenase-2 enzyme (COX-2) inhibitors have antiendothelial activity, we tested COX-2 inhibitors in a murine model of intra-abdominal adhesion formation. Methods: A silicone patch was secured to the lateral abdominal wall of groups of C57BL/6 mice, followed by cecal abrasion to promote adhesion formation. Beginning on the day of surgery, mice were treated with the selective COX-2 agents, celecoxib or rofecoxib, and the nonspecific COX inhibitors, aspirin, naproxen, ibuprofen, or indomethacin. Animals were treated for 10 days and killed. A second group (celecoxib, rofecoxib, aspirin) was treated for 10 days and observed for an additional 25 days. After treatment, intraabdominal adhesions were scored using a standard method. The patch was subjected to immunohistochemistry with the endothelialspecific marker, CD31. Results: Animals treated with selective and nonselective COX-2 inhibitors, except aspirin, had significantly fewer adhesions than control animals. Celecoxib produced a maximal reduction in adhesion formation compared with rofecoxib and the nonselective COX-2 inhibitors at 10 days. After 25 days, celecoxib and rofecoxib, but not aspirin, had fewer adhesions than control mice. Adhesions from mice treated with celecoxib had reduced microvessel density compared with rofecoxib, the nonselective COX inhibitors, and control animals. Conclusions: Selective COX-2 inhibitors, in particular celecoxib, provide durable inhibition of intra-abdominal adhesions through an antiangiogenic mechanism.
surfaces due to trauma or inflammation, can result in complications following surgical procedures. Although adhesions aid in healing, they frequently cause postoperative pain, blockage of intestines, and infertility. [1] [2] [3] For example, 16% of patients with bowel obstructions caused by adhesions require adhesiolysis, with a resulting mortality of 5% to 20%. 4, 5 Adhesions also are the leading cause of secondary infertility, responsible for up to 20% of infertility cases. 2, 6 After injury to the peritoneal lining, the entire surface becomes re-epithelialized with mesothelial cells within 5 to 6 days. Peritoneal injury may result in local ischemia, with a subsequent inflammatory response consisting of polymorphonuclear leukocytes, macrophages, fibrin, fibroblasts, and new blood vessels. These processes may lead to the development of mature, fibrous adhesions covered by mesothelium. 7 Fibroblasts from these adhesions express the COX-2 enzyme while fibroblasts in nonadhesion bearing areas do not express this enzyme. 8 Adhesion formation, like all types of wound healing, is dependent on angiogenesis. 9 -11 An experimental antiangiogenic agent, TNP-470, has been shown to inhibit intraabdominal adhesions in mice, 12 suggesting that antiendothelial agents may be efficacious in blunting adhesion formation. However, side effects of TNP-470, such as neurotoxicity and delayed wound healing, precluded further investigations of this drug.
Because most antiangiogenic agents are not approved for clinical use, we tested an approved class of angiogenesis inhibitors, COX-2 specific drugs, [13] [14] [15] [16] for their ability to modify adhesion formation. Cyclooxygenase-1 enzyme (COX-1) is expressed on normal blood vessels while the cyclooxygenase-2 enzyme (COX-2) is present on new angiogenic endothelial cells 13 as well as fibroblasts associated with surgical adhesions. 8 Thus, the COX-2 inhibitors, celecoxib and rofecoxib, may selectively inhibit angiogenesis associated with newly forming adhesions. To determine the effects of COX-2 specific inhibitors, adhesions in control animals, animals treated with nonselective COX inhibitors, and COX-2-treated groups were compared. Furthermore, adhesions were assessed by immunohistochemistry to determine the effects of the different drugs on angiogenesis.
METHODS

Adhesion Model
Seven to 8-week-old male C57BL/6 mice (Jackson Laboratories, Bar Harbor, ME) were housed 5 animals to a cage in a barrier room. Mice were acclimated to their environment for at least 72 hours prior to the initiation of each experiment and allowed food and water ad libitum. Animal protocols complied with the NIH Animal Research Advisory Committee guidelines and were approved by the Children's Hospital Institutional Animal Care and Use Committee. A standard adhesion model was performed as previously described. 12 Under isofluorane anesthesia, a 5.0 mm ϫ 5.0 mm piece of sterile silicone (Dow Corning, Midland, MI) was attached to the right abdominal wall with two 7-0 prolene sutures, lateral to the epigastric vessels. The cecum then was gently rubbed with 2 cotton swabs to promote adhesion formation. 17 Most murine adhesion models use a foreign material, not to generate adhesions but to improve objectivity. By using a patch, the investigator can measure the percentage of the patch covered, the characteristics of the adhesions to the patch, and subject the patch to immunohistochemistry. Without using a patch, quantification of intra-abdominal adhesions, as well as the assessment of microvessel density and the role of angiogenesis, becomes more subjective.
Drug Treatment
After recovering from anesthesia, groups of mice were randomly treated with either methylcellulose (control, 100 L orally once a day) or an experimental drug mixed in 100 L methylcellulose beginning on the day of surgery for 10 days. Groups of 6 to 18 mice treated with nonselective COX inhibitors received ibuprofen (30 mg/kg orally once a day), 18 naproxen (10 mg/kg orally once a day), 19 aspirin (100 mg/kg orally once a day), 20 or indomethacin (1 mg/kg orally once a day). 21 Mice treated with COX-2 selective inhibitors received either celecoxib (68 mg/kg orally twice a day) or rofecoxib (40 mg/kg orally once a day). 22
Quantification of Intra-abdominal Adhesions
Ten and 35 days after surgery, mice were killed, and adhesion formation over the silicone patch was measured by 2 blinded individuals based on a previously described scoring system. 12 The tenacity and extent of adhesions to the patch, as well as the tenacity of adhesions to the cecum, were graded on a scale of 0 to 4. The total adhesion score was the sum of the 3 individual scores. A minimum score was 0 and the maximum score was 12. Tenacity was rated as none (0), adhesions fell apart (1), lysed with traction (2), lysed with blunt dissection (3), and lysed with sharp dissection (4) . Extent was measured as the percent of the patch covered by adhesion: 0% (0), Ͻ25% (1), 25% to 50% (2), 50% to 75% (3), and Ͼ75% (4). Cecal adhesions were graded as none (0), adhesions fell apart (1), lysed with traction (2), lysed with blunt dissection (3), and lysed with sharp dissection (4).
Immunohistochemistry
Silicone patches and adjacent abdominal wall were fixed at 4°C in 10% formalin overnight and washed with phosphate-buffered saline. The specimens were then embedded in paraffin and 5 ìm sections were cut. Endothelial cells were identified by antibody staining against the endothelial cell surface antigen CD31 (PECAM-1) using a diaminobenzidine chromogen (BD Biosciences Pharmingen, San Diego, CA). After deparaffinization and rehydration, sections were incubated with proteinase K (Roche, Basel, Switzerland) for 30 minutes at 37°C. Nonspecific binding sites were blocked for 30 minutes at room temperature with TNB blocking buffer (NEN Life Sciences, Boston, MA).
Primary CD31 antiserum (BD Biosciences Pharmingen) was added to the sections overnight at 4°C. Slides were washed twice with phosphate-buffered saline and secondary goat anti-mouse IgG antibody (Vector Laboratories, Burlingame, CA) was added for 30 minutes at room temperature. After again washing twice with phosphate-buffered saline, slides were incubated with streptavidin alkaline phosphatase solution (1:100) (Perkin-Elmer Life Sciences, Boston, MA) for 30 minutes at room temperature followed by biotinyl tyramide amplification diluent (1:50) (Perkin-Elmer Life Sciences) for 10 minutes. After repeat incubation with alkaline phosphatase solution (1:100) for 30 minutes at room temperature, the chromagen Vector Novar substrate kit (Vector Laboratories) was added. Slides were counterstained with hematoxylin for imaging.
Imaging and Microvessel Density
Sections were taken from the abdominal wall and patch at death on day 10. To quantitate vessel density, CD31 immunostained sections underwent digital image analysis using a Nikon Eclipse TE300 inverting photomicroscope with an attached Spot RT (Diagnostic Instruments Inc., Sterling Heights, MI) video camera linked to a personal computer. Images were imported directly to the image analysis program IP Laboratory (Scanalytics Inc., Fairfax, VA). Sequential images were grabbed at 200ϫ for the CD31 sections without overlapping. The adhesion tissue between the silicone patch and the abdominal wall was assessed to provide consistency and reproducibility between the samples. To calculate the volume fraction of stained regions, a color threshold was chosen for each image that distinguished between the stained areas and background. The proportion of the selected color was calculated as a percentage of total area and used as a measure of vessel density.
Each experimental group of mice was housed in separate cages of up to 10 mice. The primary and senior authors randomly selected the first 3 mice that were able to be removed from each cage for immunohistochemical study. The sections from the 3 randomly chosen mice for each of the study groups were then given to a blinded coinvestigator (D.S.) for quantification of microvessel density. Specifically, this blinded coinvestigator quantified the microvessel density of the first 5 fields that he found containing the area under the patch for each slide. The scores of the 5 fields were then averaged to give a final score for each section.
Statistical Analysis
Adhesion scores were analyzed using the nonparametric Wilcoxon Rank Sum test. A Fisher exact test then was used to assess differences in the percentage of mice in each group that were adhesion-free compared with control. Because several treatment groups were included in this study, a Bonferroni adjustment was used to correct for multiple group comparisons. The conventional 2-tailed P value of 0.05 was divided by 5 to yield a more stringent cutoff value of P Ͻ 0.01 for significance. The rationale for using a more conservative P value was to protect against the likelihood of reporting a difference between groups that was really due to chance. These results are presented as median, interquartile range (IQR: 25th-75th percentile), and range (minimummaximum).
Microvessel density data, with a normal variation, are presented as mean Ϯ standard error of the mean. Since the numbers of mice evaluated were small, statistical analysis of these results was performed with the Student 2-tailed, unpaired t test for comparisons between groups. Differences were considered significant with a P value of Ͻ0.05. It was thought that this approach was appropriate given the microvessel density data conformed very closely to a normal distribution, and using a 2-tailed significance level of 0.05 would obviate any important difference that would otherwise go undetected if more stringent Bonferroni rules were applied. The statistical computer program used was SigmaStat (SPSS, Chicago, IL).
RESULTS
Gross Animal Findings
All animals gained weight and appeared healthy. There were no signs of impaired wound healing, bleeding, gastrointestinal complications, or capsule formation to the silicone patch. The control animals developed marked intra-abdominal adhesions involving adhesions from bowel-to-patch, bowelto-bowel, omentum-to-patch, and omentum-to-bowel. In contrast, the animals treated with nonselective COX inhibitors, except for aspirin, had less intra-abdominal adhesions. Even fewer intra-abdominal adhesions were appreciated in the animals treated with the COX-2 selective inhibitors, rofecoxib and celecoxib.
Adhesion Score
The nonselective COX inhibitors, except for aspirin, decreased intra-abdominal adhesions, compared with control animals (Table 1; Fig. 1 ; Fig. 1 ). The adhesion score for rofecoxib treated animals was 3.0 (IQR, 0.0 -4.0; range, 0.0 -5.0, P Ͻ 0.001, compared with control and aspirin treated animals). There was no difference between rofecoxib and naproxen, ibuprofen, or indomethacin treated animals. Adhesions in mice that received celecoxib were graded 2.0 (IQR, 0.0 -2.0; range, 0.0 -3.0). This was lower than control animals (P Ͻ 0.001), and most animals treated with nonselective COX inhibitors ͓aspirin (P ϭ 0.001), ibuprofen (P ϭ 0.005), indomethacin (P ϭ 0.004), and naproxen (P ϭ 0.031)͔.
Because 6 of the 11 (55%) celecoxib treated animals did not have any adhesions at all, a reviewer suggested a post hoc analysis to determine differences in adhesion-free mice among treatment groups ( Table 2 ). Celecoxib was able to completely prevent adhesion formation, compared with control (P Ͻ 0.001). Rofecoxib showed a trend toward keeping mice adhesion-free (P ϭ 0.02). The nonselective COX inhibitors, aspirin, ibuprofen, indomethacin, and naproxen, in contrast, did not result in adhesion-free mice.
To determine whether the prevention of adhesions was durable, mice treated for 10 days with celecoxib, rofecoxib, and aspirin were observed for an additional 25 days before death. Celecoxib and rofecoxib groups had fewer adhesions 
Immunohistochemistry and Microvessel Density
Microvessel density in celecoxib treated (2.0 Ϯ 0.6) (P ϭ 0.014) but not rofecoxib (5.8 Ϯ 0.7) (P ϭ 0.94) treated mice was less than that of control mice (5.7 Ϯ 1.1) (Fig. 2) . The microvessel density for mice treated with the selective COX-2 antagonist celecoxib was significantly less than aspirin (6.7 Ϯ 0.8, P Ͻ 0.001), naproxen (7.8 Ϯ 0.9, P Ͻ 0.001), ibuprofen (7.8 Ϯ 1.0, P Ͻ 0.001), and indomethacin (8.1 Ϯ 1.4, P ϭ 0.005). Animals treated with rofecoxib demonstrated no differences in microvessel density compared with mice treated with the nonselective COX-2 inhibitors. Moreover, celecoxib treated animals had lower microvessel density scores than rofecoxib treated groups (P ϭ 0.003). The microvessel density of all nonselective COX inhibitors was not different ͓aspirin (P ϭ 0.50), naproxen (P ϭ 0.16), ibuprofen (P ϭ 0.32), and indomethacin (P ϭ 0.19)͔ from that of control animals. Sections from representative mice stained with the endothelium-specific marker CD31 are depicted in Figure 3 .
DISCUSSION
Several approaches have been used to inhibit intraabdominal adhesion formation, most with limited suc-FIGURE 2. Microvessel density of adhesion tissue between the abdominal wall and the silicone patch. Celecoxib-treated animals had significantly lower microvessel density (*) than control animals, aspirin, naproxen, ibuprofen, indomethacin, and rofecoxib. 
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Celecoxib Prevention of Adhesions cess. [23] [24] [25] Intra-abdominal crystalloids and dextran have not been shown to be effective, 27, 28 while corticosteroids and anti-inflammatory agents have given inconsistent results. 26 LeGrand et al demonstrated encouraging results with nonsteroidal anti-inflammatory drugs in rodent and rabbit models. 29, 30 In these and other studies, however, the drugs were administered intraperitoneally as an injectable fluid, thereby reducing the clinical applicability of these agents due to uncertainties about dosing and delivery. 31 We attempted to limit these concerns by using a clinically applicable dosing regimen of the tested drugs. Furthermore, we administered these drugs via orogastric gavage on a daily basis for 10 days, further simulating the clinical setting. Using an oral daily dosing schedule, we also were able to demonstrate that most NSAIDs could reduce the formation of intra-abdominal adhesions, albeit not to the extent that was observed with the specific COX-2 inhibitors. The most commonly used method of preventing postoperative adhesions uses a barrier agent or gel to separate damaged peritoneal surfaces for a minimum of 5 to 7 days. Hyaluronic acid and polyethylene glycol/polylactic acid barrier films reduce adhesion formation experimentally as well as clinically. [32] [33] [34] [35] However, concerns about immune suppression, infection, intra-abdominal placement, 26 and impaired healing of bowel anastomoses remain. 26, 36 In an effort to reduce the unwanted side effects of common nonsteroidal anti-inflammatory drugs, it was discovered that 2 cyclo-oxygenases are involved in the transformation of arachidonic acid as the first step in the prostaglandin synthesis pathway. These enzymes have been termed cyclo-oxygenase-1 (COX-1) and cyclooxygenase-2 (COX-2). 37, 38 Inflammation causes the induction of COX-2, leading to the release of prostanoids and localized pain hypersensitivity, 39 while COX-1 is involved with the noninflammatory response of prostaglandins such as platelet aggregation. Recently, compounds that selectively inhibit COX-2 rather than COX-1 activity have been discovered. These selective COX-2 inhibitors are thought to offer advantages that include the capacity to prevent or reduce inflammation while diminishing harmful side effects associated with the inhibition of COX-1, such as gastrointestinal and renal side effects, as well as bleeding from the inhibition of platelet aggregation. Furthermore, COX-2 inhibitors have been implicated in regulating angiogenesis in a variety of in vitro and in vivo models. 16,40 -42 While most studies into the prevention of adhesion formation have been focused on promoting fibrinolysis and inhibiting re-epithelialization of peritoneal surfaces, several investigators have implicated mediators of angiogenesis in the formation of adhesions. Vascular endothelial growth factor, fibroblast growth factor, and transforming growth factor beta are up-regulated during adhesion formation. 9 -11 Because newly forming adhesions produce angiogenic factors that recruit new endothelium, COX-2 inhibitors are likely to target the expressed COX-2 enzyme on the newly proliferating vasculature. The significant decrease in microvessel density in the celecoxib treated animals support the additional mechanism of inhibition of endothelial-mediated adhesion formation. Furthermore, these results demonstrate that celecoxib led to a more complete reduction of adhesions than rofecoxib. In addition to its antiangiogenic effect, celecoxib, unlike rofecoxib, possesses additional antifibroblastic activity. 43 This extra property could contribute to the greater efficiency of celecoxib in reducing adhesion formation than rofecoxib. Previously, Guvenal et al reported the reduction of adhesions in a rat uterine horn model of adhesions with the selective COX-2 inhibitor nimesulide. 44 However, the proposed mechanism of action in this model was the antiinflammatory effect and not the potential antiangiogenic or antifibroblastic properties of nimesulide. Similarly, haloguginone, a collagen type I and MMP2 inhibitor, has been shown to reduce postoperative adhesions presumably through its antifibrotic activity. 45 However, haloguginone has recently been shown to be an angiogenesis inhibitor. 46 Consequently, like nimesulide, the mechanism of action of haloguginone may include both antifibrotic and antiangiogenic activity.
One of the major shortcomings of our experiments is that they were performed in small animals. We acknowledge that there are major pharmacodynamic differences between animals and humans. 47 Nonetheless, clinical trials need to be performed to confirm the beneficial properties of celecoxib in reducing intra-abdominal adhesions. Celecoxib and rofecoxib offer several advantages over other angiogenesis inhibitors for the treatment of adhesions. Unlike the majority of angiogenesis inhibitors, these COX-2 inhibitors are approved drugs. Celecoxib and rofecoxib are known to be safe, even when taken in high doses chronically, as illustrated by patients taking these drugs for arthritis. Thus, patients with a high risk of intra-abdominal adhesion formation may be given COX-2 inhibitors in the immediate postoperative period for a relatively short period of time. COX-2 drugs are presently the only antiangiogenic agents that also are pharmacologically effective against pain. In conclusion, COX-2 inhibitors, in particular celecoxib, can provide durable prevention of surgical adhesion formation in a murine model.
